A new library of ionophoric p-tert-butylcalix [4]diquinones containing ester (1), primary, secondary, and tertiary amide (2-4), and crown ether (5) substituents has been synthesized by treatment of the respective 1,3-bis-substituted p-tert-butylcalix [4]arene with Tl(OCOCF 3 ) 3 in trifluoroacetic acid. The structures of the free ligands 1 and 2, a p-tert-butylcalix [4]diquinone bridged at the lower rim by two linked veratrole groups (7), and a previously synthesized p-tert-butylcalix [4]diquinone bis(methyl ether) species (8) have been elucidated by X-ray crystallography. The X-ray crystal structures of 1-Sr(ClO 4 ) 2 , 1-KClO 4 , 2-NaClO 4 , 4-n-BuNH 3 BF 4 , 5-NaOCOCF 3 , and 5-KPF 6 demonstrate that these complexes adopt the cone conformation in the solid state. Interestingly, cationquinone oxygen atom coordination occurs at both the upper and lower rim of 2-NaClO 4 and 4-n-BuNH 3 BF 4 . Solution coordination properties have been studied by both 1 H NMR and UV/vis techniques. The electrochemical properties of the "acyclic" p-tert-butylcalixdiquinones 1, 4, and 8 and their complexes have been studied using cyclic and square wave voltammetric techniques. The reduction potentials of the group 1 or 2 metal, ammonium, and alkylammonium complexes are significantly anodically shifted with respect to that of the free ligand. Addition of cations to electrochemical solutions of a p-tert-butylcalixdiquinone-crown-5 compound (5) caused large anodic shifts (by up to 555 mV in the presence of Ba 2+ ) in a manner similar to that of the acyclic species.
Introduction
With the aim of advancing chemical sensor technology, considerable recent attention has focused on a new generation of abiotic host molecules that contain signaling or responsive functional groups as an integral part of a host macrocyclic framework. 1 The incorporation of a redox-active and/or optical signaling group coupled to a guest binding site enables the host to be used as a sensor for target guest species. The presence of a particular guest may then be detected as a perturbation in the electrochemical and/or photophysical properties of the host. A number of research groups, 2 including our own, 1b-d,3 have incorporated redox-active transition-metal and organic (quinoneor anthraquinone, 4 nitro aromatic, 5 TTF 6 ) centers into a variety of crown ether, aza crown ether, and cryptand macrocyclic structural frameworks and have shown some of these compounds to be selective and electrochemically responsive to the binding of cationic guest species.
The calixarenes are a family of synthetic macrocyclic receptors consisting of cyclic arrays of phenol moieties linked by methylene groups. 7 They have been modified at the lower hydroxyl rim to produce a variety of novel ionophores for group 1 and 2, 8 transition, 9 and lanthanide 10 metal cations, some of which have been utilized in potentiometric ion selective membrane electrodes. 11 Oxidation of the calixarene framework has produced a variety of calix [4] arene mono-, di-, tri-, and tetraquinone species 12 whose electrochemical properties have recently been described. 13 Surprisingly, the cation coordination chemistry of the calixdiquinones and their potential use as prototype amperometric sensing molecules has not as yet been fully explored, although Echegoyen and co-workers have shown that there are marked perturbations of the quinone redox couples on addition of sodium cations. 13a We report here the synthesis of new lower rim ester, amide, and crown ether functionalized calix[4]-diquinone molecules (Chart 1) and their coordination and electrochemical recognition properties with group 1 and 2 metal, ammonium, and alkylammonium cations. 14 
Experimental Section
Solvent and Reagent Pretreatment. Dichloromethane and acetonitrile were distilled from CaH 2; diethyl ether was distilled from sodium wire. Triethylamine was dried over KOH. Column chromatography was performed with silica gel (Merck, particle size 0.0015-0.040 nm). All reactions were carried out under a nitrogen atmosphere. Unless stated to the contrary, commercial grade chemicals were used without further purification.
Instrumentation. NMR spectra were obtained on a Bruker AM300 spectrometer using the solvent deuterium signal as an internal reference. Fast atom bombardment (FAB) mass spectrometry was performed by the EPSRC mass spectrometry service at the University of Wales, Swansea, Wales. Electrochemical measurements were carried out using an EG&G Princeton Applied Research 273 potentiostat/galvanostat. All reported voltammograms were recorded on the first potential sweep. Dichloromethane, acetonitrile, and mixtures of the two were used as solvents because of solubility, solution resistance, and literature comparison. The electrochemical cell was an unsealed one-compartment cell with a glassy-carbon disk (diameter 0.30 cm) working electrode electrode, a Ag/Ag + reference electrode, and a platinum-wire coil (length 10.0 cm) counter electrode. The reference contained an internal solution of 1.0 mM AgNO 3 and 0.1 M n-Bu4NBF4 in CH3CN and was incorporated with a salt bridge containing 0.1 M n-Bu 4NBF4 in the respective solvent. Once made, it showed a stable potential of 330 ( 10 mV vs SCE with shifting, e5 mV, under explored conditions. Argon, saturated with the appropriate solvent to minimize evaporation, was used at all times for solution degassing. A Kemet diamond compound spray (6.0 µm) was used to polish the working electrode followed by rinsing in water and then the respective solvent. The electrode was then dried by an air flow. Experiments were conducted at room temperature. A PC-controlled Hewlett-Packard HP 8452A diode array spectrophotometer was employed for recording the electronic absorption spectra. Titrations were conducted by adding a cation solution (0.1 M in CH 3CN or MeOH) using a 10 µL syringe to a cuvette containing 3.0 mL of compound solution (5 × 10 -5 M in CH 2Cl2/CH3CN (4/21 (v/v)) or MeOH). All solutions contained 0.1 M tetrabutylammonium tetrafluoroborate as supporting electrolyte. The maximum addition for all the cations was less than 150 µL to minimize the change in solution volume. The spectrum was recorded after each addition. The titration data were processed using the SPECFIT global analysis program, which gave the calculated stability constants. 15 Elemental analyses were carried out by the Inorganic Chemistry Laboratory Microanalytical Service. Samples were ground and dried under high vacuum prior to analysis. Butylcalix[4] arene bis(ethyl ester) 8a (0.82 g, 1 mmol) was stirred in Tl(OCOCF 3)3/trifluoroacetic acid solution (6.8 mL, 6 mmol) for 2 h in the dark. 16 The trifluoroacetic acid was then removed in Vacuo and the residue poured onto ice/water (50 mL). The product was extracted with chloroform (100 mL) and the extract then washed with water (100 mL). The organic layer was then dried over MgSO 4 and reduced in Vacuo. The product was isolated by crystallization Via slow evaporation from a mixture of methanol and dichloromethane. The orange crystals (0.48 g, 65%) were collected and dried in Vacuo; mp 235°C dec. 1 8a (2.0 g, 2.6 mmol) was dissolved in dry CH2Cl2 (25 mL). n-Butylamine (0.46 g, 6.2 mmol) and Et 3N (0.66 g, 6.6 mmol) were dissolved in dry CH 2Cl2 (25 mL) and added to the acid chloride solution, and the reaction mixture was stirred for 12 h. The solvents were removed in Vacuo, and the product was precipitated from CH 2Cl2/ hexane as a white powder (1.0 g, 44%); mp 248-253°C. 1 C, 76.85; H, 8.98; N, 3.20. Found: C, 75.82; H, 9.20 ; N, 2.81.
Synthesis. 5,17-Di-tert-butyl-26,28-bis(carboethoxymethoxy)-calix[4]diquinone (1). p-tert-
5,17-Di-tert-butyl-26,28-bis((n-butylcarbamoyl)methoxy)calix[4]-diquinone (3). Compound 9 (0.80 g, 0.92 mmol) was stirred in Tl-(OCOCF 3)3/trifluoroacetic acid solution (6.3 mL/0.88 M) for 2 h in the dark. The trifluoroacetic acid was then removed in Vacuo and the residue poured onto ice/water (50 mL). The product was then extracted with chloroform (100 mL) and the extract washed with water (100 mL). The organic layer was then dried over MgSO 4 and reduced in Vacuo. The product was precipitated from dichloromethane as a yellow powder (0.47 g, 65%); mp 255°C (dec H, 7.39; N, 3.54. Found: C, 72.74; H, 7.47; N, 3.55. 5,17-Di-tert-butyl-26,28-bis((diethylcarbamoyl)methoxy)calix[4]-diquinone (4). 5, 11, 17, methoxy)-26,28-dihydroxycalix[4]arene 8a (1.0 g, 1.18 mmol) was stirred in Tl(OCOCF 3)3/trifluoroacetic acid solution (8.1 mL, 7.1 mmol) for 2 h in the dark. The trifluoroacetic acid was then removed in Vacuo and the residue poured onto ice/water (50 mL). The product was extracted with chloroform (100 mL) and the extract washed with 100 mL of water. The organic layer was then dried over MgSO 4 and reduced in Vacuo. The residue was purified by column chromatography on silica gel with chloroform/methanol (90/10) as eluent and the product isolated as a brown glassy solid (0.12 g, 13%); mp 195°C. 1 8a (1.6 g, 2.1 mmol) was dissolved in dry CH2Cl2 (25 mL). 4-Aminoveratrole (0.67 g, 4.4 mmol) and Et 3N (0.60 g, 6 mmol) were dissolved in dry CH 2Cl2 (50 mL), and this mixture was added to the acid chloride solution. The reaction mixture was stirred for 12 h and washed with water (2 × 100 mL) and the organic layer separated and dried over MgSO 4. The solvent was removed in Vacuo, and the product was precipitated from CH 2Cl2/hexane as a white powder (0 84 g, 39% (CDCl3): δ 165. 77, 149.98, 149.87, 148.20, 145.19, 145.03, 144.00, 140.63, 134.74, 132.21, 127.81, 126.41, 126.01, 124.62, 123.31, 74.21, 56.41, 56.07, 34.27, 34.07, 32.61, 31.59, 31. Cation Complexes. For all complexes formed, an excess of the cation salt in ethanol was added to a solution of the ligand in dichloromethane and the mixture filtered through a cotton wool plug. Care was taken with the isolation of perchlorate salts of the calixdiquinone-metal complexes, as they are explosive. In all cases, the complexes were isolated in small quantities only. 18 The solution was then allowed to slowly evaporate, and the complex crystallized out. The compounds were characterized by elemental analysis (after exposure to high vacuum for typically 2 days), 19 NMR spectroscopy, and X-ray crystallography. Strontium Complex of 1. Anal. Calcd for C 44H48O10-Sr(ClO 4)2‚CH2Cl2: C, 48.77; H, 4.55; Sr, 7.91. Found: C, 49.11; H, 4.60; Sr, 7.33 .
Sodium Complex of 2. The sodium complex was formed by dissolving the calixdiquinone in methanol and adding an excess of NaClO 4 in methanol. Crystallization occurred upon slow evaporation of the solvent. The crystals were then washed in methanol, ground, and exposed to high vacuum for 2 days. Anal. Calcd for C40H42O8N2-NaClO4: C, 59.96; H, 5.28; N, 3.50; Na, 2.87. Found: C, 56.69; H, 4.72; N, 3.18; Na, 3.03 .
n-Butylammonium Complex of 4. The n-butylammonium complex was formed by dissolving the calixdiquinone in dichloromethane and adding an excess of n-BuNH 3BF4 in ethanol. Crystallization occurred upon slow evaporation of the solvent mixture. The crystals were then washed in ethanol, ground, and exposed to high vacuum for 2 days. Anal. Calcd for C 48H58N2O8-n-BuNH3BF4‚H2O: C, 64.39; H, 7.48; N, 4.33. Found: C, 64.08; H, 7.52 Crystal Structure Determinations. Crystal data for all 10 structures are given in Table 1 , together with refinement details. Nine sets of data were collected with Mo KR radiation using the MARresearch image plate system. The crystals were positioned at 75 mm from the image plate. A total of 95 frames were measured at 2°intervals with a counting time of 2 min. Data analyses were carried out with the XDS program. 20 The set of data for 1-KClO4 was collected with Mo KR radiation using an R-Axis image plate detector. The crystal to detector distance was set at 80 mm. For 1-KClO 4, 120 frames were measured at 1.5°intervals with exposure times of 3 min per frame. The data were reduced with the R-Axis processing program. 21 The structures of 1-Sr(ClO4)2 and 5-KClO4 were solved by heavyatom methods. The structure of 1-KClO 4 was solved by direct methods with automatic structure rebuilding using SIR92, 22 while all the other structures were determined by direct methods, using . 23 Default refinement procedures were as follows. Non-hydrogen atoms were refined with anisotropic thermal parameters. Hydrogen atoms were included in geometric positions and given thermal parameters equivalent to 1.2 times those of the atom to which they were attached. The structures were refined on F 2 using SHELXL-93. 24 All calculations were carried out on a Silicon Graphics R4000 Workstation at the University of Reading. Exceptions and additions to this default procedure for individual structures are noted below.
Compound 1 has crystallographic C 2 symmetry. In 1-Sr(ClO4)2 the tert-butyl groups and terminal ethyl groups had large thermal motion but no disordered model could be found. There was a large amount of disordered solvent in the lattice, and this was identified and refined as one dichloromethane with 50% occupancy and four water molecules each with 50% occupancy. In addition there was an acetonitrile molecule, but although it was coordinated to the metal atom, it was present only with 50% occupancy. In 1-KClO 4, high thermal motion was found in the perchlorate anion but no suitable disordered model could be found. 1-KClO 4 was refined on F using the Crystals program. 25 Calculations on this structure were carried out on a Silicon Graphics Workstation at the Cambridge Crystallographic Data Centre. In 2 there were 3.5 water molecules in the asymmetric unit. These were included in the refinement with full occupancy, but their hydrogen atoms could not be located. High thermal motion for the tert-butyl groups was observed, but no disordered model proved satisfactory.
In 2-Na(ClO 4) the tert-butyl groups had high thermal motion but no suitable disordered model could be found. Four methanol molecules were located and given 50% occupancy.
In 4-n-BuNH 3BF4 there were two calix[4]diquinone molecules in the unit cell, together with two butylammonium cations and two disordered tetrafluoroborates. For the first anion, two sets of tetrahedral fluorines were located; for the second anion, two superimposed BF 4 anions were located and refined. All disordered atoms were given 50% occupancy and common thermal parameters with other atoms in the moiety. There was also a water molecule in the lattice, and this was given 50% occupancy. In 5-Na(CF 3CO2), the two tert-butyl groups (18) were disordered, and two sets of three carbon atoms (with 50% occupancy) were included for each. The CF 3 group of the anion was disordered and two sets of three fluorine atoms were included with occupancies of 50%. There was also a disordered dichloromethane in the asymmetric unit. In 5-K(ClO 4) the two tert-butyl groups had high thermal motion but no disordered model could be found. In 7 there was one solvent dichloromethane molecule with full occupancy together with five methanol and five water molecules, all with 50% occupancy. The hydrogen atoms on the dichloromethane and methanol molecules were included, but not those of the water molecules. Compound 8 has crystallographic m symmetry. Both tert-butyl groups were disordered around the mirror planes, and two sets were refined with half-occupancy. Hydrogen atoms on these groups were not included.
Results and Discussion
Synthesis. Using the methodology of McKillop and coworkers, 16 
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22.029 (15) 19.83 (2) 11.471 (2) 17.04 (2) 9.970 (21) 25.48 (3) 16.43 (2) 16.38 (2) 18.120 (10) 16.206(8) diquinones can best be described by the angles between the rings and the plane of the four methylene groups C(17), C(27), C(37), and C(47), and these are listed in Table 2 .
Compound 1 adopts the cone conformation in the solid state. There is a crystallographic C 2 axis such that the opposite rings take up similar orientations with respect to the methylene plane (Figure 1a ). In this case the quinone rings are near-perpendicular to the plane (105.5(2)°) while the aromatic rings are near-horizontal (angles 32.9(1)°). This difference is unusual, as the disparity between orientations is typically found to have the opposite sense with the aromatic rings near-perpendicular and the quinone rings near-horizontal.
Compound 2 (Figure 1b ) has the less common 1,3-alternate conformation, in which all four rings are perpendicular to the methylene plane (83.7(1), 83.9(1), 89.7(1), 80.2(1)°) but adjacent rings are oriented in opposite directions. While this conformation has been characterized for the calix[4]arenes, 28 this is the first example of a calix[4]diquinone adopting such a conformation. It seems likely in this case that the conformation is stabilized by the inclusion of a water molecule in the cavity. The figure shows the water molecule OW(1), which is hydrogen bonded to N(354) at 2.908(6) Å and O(150) at 3.108(5) Å. In contrast to N(354), which is directed toward the cavity at the lower rim of the calixdiquinone, N(154) is directed outward and forms two hydrogen bonds to solvent water molecules (as does O (353)). The adoption of a 1,3-alternate conformation forms a hydrophilic side to the molecule and a hydrophobic side. There are no solvent molecules at the hydrophobic side. Two molecules are connected at the hydrophilic end Via two intermolecular hydrogen bonds between O(200) and N(354) of 3.04(5) Å around a 2-fold axis (Figure 2 ). Hydrogen-bonding distances are given in Table 3 .
In compound 7, a biphenyl moiety bridges the lower rim of the calixdiquinone via amide bonds to the 1-and 3-positions at the lower rim (Figure 1c) . The angle between the phenyl rings is 54.9(2)°. It is interesting that, in this compound, the calixarene rings all make similar angles with the methylene plane (65.3(2), 56.6(3), 66.5(2), 54.8(2)°). This unusual regularity could be due to the bridging biphenyl group, which rigidifies the structure, and also to the formation of intramolecular hydrogen bonds between the amide nitrogen atoms and the quinone oxygen atoms at the lower rim. In contrast to the above structures, the conformation of compound 8 (Figure 1d ) is an aryl partial cone in which one aromatic ring is directed downward (angle with methylene plane 86.8(1)°). As is usually the case, the opposite ring is nearhorizontal to the methylene plane (22.3(1)°) while the two quinone rings are near-perpendicular (93.1(1)°). The molecule has crystallographic mirror symmetry, with the plane passing through the two aromatic rings. This partial cone conformation is also found in the analogous diethoxy compound. 29 Two other calix[4]diquinone structures have been determined to possess a partial cone conformation (including a dimethoxy derivative), 20 but these are unsubstituted at the upper rim. The dimethoxy compound also adopts an "aryl partial cone" conformation; however, the diisopropoxy derivative structure reported by Casnati et al. adopts a "quinone partial cone" conformation where one quinone ring is directed downward.
Variable-Temperature 1 H NMR Studies. The roomtemperature 1 H NMR spectrum of 1 exhibits the typical AB splitting pattern of the ArCH 2 Qu protons consistent with a cone conformation for the calixarene. However, low-temperature 1 H NMR spectra in dichloromethane-d 2 (Figure 3) revealed that, on cooling, the proton resonances of compound 1 broaden while the tert-butyl resonances split into two peaks. This suggests the presence of two species in solution: cone and partial cone conformers.
Ungaro and co-workers 29 also investigated the conformational properties of alkyl-substituted calixdiquinones and reported similar dynamic processes. A possible explanation for these variable-temperature 1 H NMR results is that at room temperature the quinone moieties are rotating through the calixarene cavity while the two aromatic rings remain fixed relative to one another. As the temperature is lowered, this dynamic process is slowed on the NMR time scale and the quinone groups adopt fixed cone and partial cone conformations. Figure 4 This is observed in the -region of the spectrum in Figure 4 . The R-region includes the resonances from the λ-methylenes and the OCH 2 and COCH 2 resonances from both conformers. The relative integration of these regions is in the ratio 11.5/4.5 (R/ ). Therefore, the ArCH 2 Qu proton resonances from the cone and partial cone are in the ratio 3.5:4.5. At low temperatures, then, the methylene proton resonances suggest that, in dichloromethane-d 2 solution, 1 exists as approximately a 50:50 mixture of cone and partial cone conformers. Coordination Studies in Solution. (a) 1 H NMR Titrations. NMR spectroscopy was used to investigate the solution complexation properties of 1-4, 5, 7, and 8 with group 1 and 2 metal, ammonium, and alkylammonium cations. Unfortunately, due to the differing solubilities of calixdiquinone derivatives, a variety of solvents were employed.
In a typical titration experiment, the stepwise addition of a cation salt solution in 3/2 (v/v) chloroform-d/acetonitrile-d 3 to a solution of compound 1 (10 mM) in the same solvent mixture resulted in significant shifts of the receptor proton resonances (sodium perchlorate, potassium hexafluorophosphate, ammonium hexafluorophosphate, and n-butylammonium tetrafluoroborate) or the evolution of a new set of resonances (barium perchlorate) corresponding to a complexed species. The resulting titration curves (plotting δ (ppm) vs equivalents of cation added) indicate solution complexes of 1/1 stoichiometry with sodium, potassium, ammonium, and n-butylammonium cations. However, the titration curves were very sharp, and consequently, the stability constants were too high to be calculated using the EQNMR 30 least-squares nonlinear fitting procedure. Interestingly, the difference in chemical shift between the AB pair of doublets of the methylene protons of compound 1 increases from 0.35 to 0.76 ppm on the addition of 1 equiv of barium cations. This observation may be attributed to the barium cation locking the calixarene into a cone conformation by complexing not only the ester carbonyl oxygen donor atoms but also interacting with the quinone carbonyl moieties. This mode of metal cation coordination would have the effect of inhibiting the quinone calix-ring inversion process and consequently rigidifying the receptor into a cone conformation. Indeed, in support of this hypothesis, a low-temperature 1 H NMR spectrum of 1 in the presence of barium cations exhibited exclusively one pair of doublets for the methylene protons.
Compound 4 exhibits complexation behavior similar to that of compound 1. The addition of substoichiometric quantities of barium or sodium perchlorate to a solution of ligand in acetonitrile-d 3 caused a new set of resonances to evolve. In contrast, the addition of other salts (potassium hexafluorophosphate, ammonium hexafluorophosphate, and n-butylammonium tetrafluoroborate) resulted in shifts of the proton resonances indicative of 1/1 cation/calixdiquinone stoichiometry. The stability constants of these complexes were again too high to accurately gauge from EQNMR analysis. 30 (30) Hynes, M. J. J. Chem. Soc., Dalton Trans. 1993, 311. (450) 2.840 (11) N (354)‚‚‚O (250) 3.028 (10) a Symmetry transformations used to generate equivalent atoms: (i) Surprisingly, with solutions of compound 2 in chloroform-d the addition of these salts resulted in no significant shift of any of the receptor proton resonances. This behavior may be due to intramolecular NH‚‚‚OdC hydrogen bonds, which inhibit the complexation process. Indeed, 1 H NMR titrations with the n-butyl secondary amide compound 3 in acetonitrile-d 3 showed only weak ammonium binding and no interaction with nbutylammonium cations (supporting the intramolecular amide NH‚‚‚OdC interaction). In an attempt to disrupt the hydrogenbonding network, a polar protic solvent, methanol-d 4 , was employed. Titrations of 2 with potassium and ammonium hexafluorophosphate caused only very small shifts in the proton resonances; however, addition of sodium perchlorate caused an upfield shift of both the aromatic and methylene proton signals. The stability constant for the sodium complex was calculated using the EQNMR program 30 and found to be 3.5 × 10 2 M -1 ((5%) in methanol-d 4 . The evolution of a new set of resonances corresponding to solution-complexed species were observed upon addition of barium cations. Unfortunately, due to solubility problems, a comparable set of titrations could not be performed with compound 3 in methanol-d 4 .
Titration experiments were carried out with compound 5 in acetonitrile-d 3 /chloroform-d (4/1, v/v) solution and showed the evolution of a new set of resonances with sodium, potassium, ammonium, n-butylammonium, and barium cations. Figure 5 shows the changes in the 1 H NMR spectrum of 5 upon addition of potassium cations. These new resonances evolved over the course of the addition of 1.0 equiv of cation, suggesting 1/1 solution complex stoichiometry in which the cationic guest is bound Via favorable ion-dipole interactions with the crown polyether oxygen donor atoms and the quinone carbonyl moieties of 5.
The introduction of barium cations to a chloroform-d solution of compound 7 had no effect on the 1 H NMR spectrum. This is perhaps unsurprising, as the biphenyl group is blocking the binding site, thus preventing the barium cation from interacting with the quinone carbonyl oxygens. Also, the amide NH groups are within hydrogen-bonding distance of the quinone oxygens and, hence, the lack of coordination may be due to a mixture of steric and/or intramolecular hydrogen-bonding interactions.
Ligand 8 displayed cation coordination behavior similar to that of 4, except that no evidence of complexation of ammonium cations was observed.
(b) UV/Vis Spectroscopic Investigations. By monitoring the perturbation of the n to π* electronic transition of the quinone moiety on addition of cationic guest, UV/vis titrations were carried out on the calixdiquinone receptors and stability constants calculated using the SPECFIT program. 15 Table 4 shows that, in the case of compound 1, barium forms a complex which is at least 1 order of magnitude more stable than those with potassium, ammonium, or n-butylammonium cations. This is not surprising, considering the charge difference between these guests. The stability constant with sodium cations was too high to be elucidated by UV/vis spectroscopic techniques. The high stability constant of the 1-Na complex may be due to the optimal spacial fit of the sodium cation within the cavity of the calixdiquinone. In contrast, compound 8 shows no evidence of any interaction with ammonium or n-butylammonium cations. The stability constant values of the potassium or barium complexes of 8 are lower than those of the potassium or barium complexes of 1, presumably due to the absence of the ester carbonyl groups in compound 8.
The cation stability constant values of 2-4 are shown in Table  4 . Again, due to solubility problems the titrations could not all be carried out in the same solvent. All three ligands exhibit a selectivity preference for the barium cation and form more thermodynamically stable complexes with sodium over potassium cations. It is noteworthy that 2, even in methanol, forms a complex with the ammonium cation with a larger stability constant value than with either sodium or potassium. The low stability constant value of 3 with ammonium cations and also its failure to interact with n-butylammonium cations may be accounted for by intramolecular hydrogen bonding between the quinone or amide carbonyl and the amide NH group in acetonitrile solution.
The results of analogous experiments with 5 in acetonitrile and methanol solutions are also presented in Table 5 . The magnitudes of the cation stability constants for 5 are much larger than for the lower rim acyclic ester, amide and methoxy calix-[4]diquinone analogues. In acetonitrile solution the stability constant values are so large that only an estimated lower limit value can be given. Even in methanol solution very stable complexes are formed with the selectivity trend K + > Na + > NH 4 + being displayed. Surprisingly, the barium and nbutylammonium cation titration curves could not be fitted to a 1/1 cation/calixdiquinone binding model, and SPECFIT 15 analysis suggested the presence of additional 2/1 (and other binding ratio) complex species in methanol solution, which precluded reliable stability constant values from being determined with these cationic guests. Coordination Studies in the Solid State. Crystalline complexes of the calixdiquinone ligands were obtained by slow evaporation of a solution of the ligand in the presence of excess cation salt. Elemental analysis revealed that all the solid-state complexes obtained had 1/1 cation/ligand stoichiometry. Typically, the cation salt was dissolved in ethanol and added to a dichloromethane solution of the ligand. Slow evaporation of the solvent mixture afforded, in some cases, single crystals suitable for X-ray crystallographic analysis. Hydrogen bonding and metal coordination sphere distances are given in Tables 3  and 5 , respectively. Crystals of the strontium complex of 1 were grown from a dichloromethane/ethanol mixture of ligand and Sr(ClO 4 ) 2 . The strontium complex 1-Sr(ClO 4 ) 2 (Figure 6a ) adopts the flattened-cone conformation in the solid state (aromatic rings 79.8(3), 81.4(3)°, quinone rings 37.4(3), 38.4-(3)°). The strontium cation is nine-coordinate, being bound by six oxygens from the calix[4]diquinone, two oxygens from two perchlorates, and one nitrogen from a solvent acetonitrile. This acetonitrile had less than expected electron density, and refinement proved more successful with 50% occupancy than with high thermal parameters. Bond lengths are as expected for strontium with the shortest distances to the ester carbonyl oxygens Sr(1)-O(153) ) 2.566(10), Sr(1)-O(353) ) 2.574-(11) Å, and quinone oxygens Sr-O(250) ) 2.628(8), Sr-O(450) ) 2.596(8) Å. Other bonds are to the acetonitrile (Sr-N(61) ) 2.61(3) Å) and the perchlorates (Sr-O(22) ) 2.63(2), Sr-O(13) ) 2.78(2) Å), with the longest bonds to the ethereal oxygens at the lower rim of the cavity being 2.773(6) and 2.798-(7) Å.
For 1-KClO 4 ( Figure 6b ) the potassium ion is coordinated to one ester group Via the carbonyl oxygen O(353) (3.049(9) Å); however, interestingly, the other ester group is flipped so that coordination to the potassium ion is Via the acyl oxygen (K-O(154) ) 2.922(8) Å). The quinone oxygen atoms O(250) and O(450) are also closely coordinated to the potassium ion (2.695-(8) and 2.603(7) Å), while the ethereal oxygen atoms O(150) and O(350) are more distant (2.974(9) and 2.836(9) Å). The perchlorate counterion is also coordinated closely through two of its oxygen atoms to the potassium (K(1)-O(1) ) 2.635(9), K(1)-O(4) ) 2.88(1) Å).
In contrast with the structure of 2‚3.5H 2 O, the sodium complex 2-NaClO 4 adopts the cone conformation with the aromatic rings perpendicular and the quinone rings pseudohorizontal to the methylene plane (Figure 7) . The sodium atom is seven-coordinate, being bonded to the six oxygen atoms at the lower rim and, in addition, to an upper rim quinone oxygen from an adjacent molecule. The bonds are to the lower rim quinones Na(2)-O(250) ) 2.315(9), Na(2)-O(450) ) 2.306-(6) Å, to the amide carbonyls Na(2)-O(153) ) 2.380(9), Na-(2)-O(353) ) 2.315 (7), and to the ethereal oxygen atoms Na(2)-O(150) ) 2.376(7) and Na(2)-O(350) ) 2.537(6) Å. A further bond is formed to an upper rim quinone oxygen atom from an adjacent molecule at 2.410(7) Å. Thus, the complexes form a one-dimensional chain in the crystal, which is shown in Figure 7 . The perchlorate anion does not bond to the sodium a) b)
Figure 6. X-ray crystal structures of (a) 1-Sr(ClO4)2‚0.5NCMe and (b) 1-KClO4. Thermal ellipsoids are shown at the 5% probability level for (a) and the 25% probability level for (b). (3), 88.9(3), 82.8(4), 89.0(3)°) and near-horizontal quinone rings (23.9(2), 28.4(5), 36.8(5), 27.1-(3)°). The dimer is shown in Figure 8 , which portrays the n-butylammonium cation in the cavity at the lower rim. The nitrogen atoms of the two n-butylammonium ions bound to the lower rim of the calixdiquinones are in close contact with six oxygen atoms in the range 2.85(1)-3.14(1) Å. In addition, there is a further close contact of one of the nitrogen atoms with the other calixdiquinone molecule Via an upper rim quinone oxygen (2.95(1), 3.05(1) Å). This additional bond is a feature of diquinone structures that is in contrast with the case for the parent calix[4]arene structures; the ability of the quinone group to bond Via the upper rim as well as the lower is also apparent in the sodium complex 2-Na(ClO 4 ) and the ammonium complex 1-NH 4 PF 6 .
Structures of 5-Na(OCOCF 3 ) and 5-KClO 4 show a pseudo-15-crown-5 ring formed between the 1-and 3-oxygen atoms at the lower rim in which sodium and potassium ions are encapsulated (parts a and b of Figure 9 ). In both structures, the cone conformation is found with the aromatic rings nearperpendicular and the quinone rings near-horizontal (angles in Na structure 85.7(2), 78.9(2)°; 32.3(2), 38.0(3)°and in K structure 86.0(2), 79.4(2)°; 31.4(2), 40.4(2)°). The sodium ion is eight-coordinate, being bonded to seven oxygen atoms at the bottom of the cone together with one oxygen atom from the CF 3 CO 2 -counteranion. The shortest bonds are to the anion (Na-O(62) ) 2.249(9) Å) and to the quinone oxygen atoms ) 2.522(6), Na-O(450) ) 2.302 (7) Electrochemical Properties of Compounds 1, 4, and 8. The electrochemistry of ligands 1, 4, and 8 was investigated using cyclic and square wave 31 voltammetric techniques.
A calixdiquinone can, in theory, accept a total of four electrons to become a tetraanion. Figure 10 shows cyclic volammograms (CVs) of compound 8 in dichloromethane at different scan rates. For the convenience of discussion, each of the reduction waves is labeled with a number and each of the reoxidation waves with a number plus a prime (′) or double prime (′′). Compounds 1 and 4 exhibit CVs similar to those of compound 8 under the same conditions, except that 1 and 4 show prewave couples (Table 6) .
Wave couples 1/1′ and 2/2′ have previously been attributed to a one-electron transfer to each of the quinone moieties present in the molecule. The third and fourth electron transfers are believed to form wave 3. Casnati and co-workers suggested that the irreversibility of this wave could be due to the formation of CH 2 Cl 2 -insoluble hydroquinone species. This was supported by results from an exhaustive electrolysis of a calix[4]diquinone solution, which became nonelectroactive after the experiment. The one-wave feature of wave 3 may be due to a minimized repulsive interaction between the reduced quinone groups upon protonation, leading to a smaller potential separation between consecutive electron-transfer processes. This agrees with the observation that waves 1 and 2 merge into a single wave of typical EC shape after adding ammonium or n-butylammonium cations which may donate protons to the reduced quinone groups.
Considering the possible kinetics involved in wave 3 (a twoelectron and four-proton transfer process), the aprotic nature of dichloromethane, and the potential of wave 3′′, incompletely protonated quinone dianion species may be responsible for wave 3′′. If this is the case, the observed increase in wave 3′′ at fast scan rates can be easily explained by an EC mechanism. Its disappearance in the presence of acids or proton donors or in a less aprotic solvent such as acetonitrile or a mixture of acetonitrile and dichloromethane may be due to faster and more complete protonation processes. Combining the above discussions, the reduction of calix[4]-diquinones may be thought of as an EEEC mechanism (Scheme 1).
The quinone moieties in these molecules constitute not only the coordination site but also the redox-active center. The complexation processes can therefore be followed by electrochemical means. Owing to the poor solubility of metal salts in dichloromethane and compounds 1 and 8 in acetonitrile, the experiments were conducted in mixtures of these solvents (or in acetonitrile alone for 4). The addition of 1 equiv or more of sodium perchlorate or potassium hexafluorophosphate to electrochemical solutions of 4 resulted in the disappearance of waves 1 and 2 and the evolution of reversible new wave couples at more anodic potentials. Figure 11 shows the cyclic voltammograms of 1 and 4 upon addition of sodium cations. Anodic potential perturbations were generally observed with 1, 4, and 8 and all cationic guests, and the results are summarized in Table  7 .
Interestingly, addition of 1 equiv or more of ammonium hexafluorophosphate or n-butylammonium tetrafluoroborate to electrochemical solutions of 4 resulted in EC mechanistic behavior which was not affected by subsequent addition of equivalent amounts of Na + or K + cations. This finding is contrary to the respective stability constant data calculated from UV/vis titration results, in which the ammonium stability constant values are comparatively smaller in magnitude than those of the alkali-metal cations. The relatively strong interactions of these ammonium cations with the radical anions formed by the reduction of the respective quinone moieties of 4 may be responsible for this electrochemical observation and EC mechanistic behavior. In the presence of more than 1 equiv of barium perchlorate, both the cyclic and square wave voltammograms of 4 showed typical adsorption characteristics.
Electrochemical Properties of Compound 5. The electrochemistry and electrochemical cationic recognition studies of 5 were investigated using CV and SWV techniques, and the results are summarized in Table 8 . The receptor itself undergoes a reversible reduction at -1.15 V and an irreversible redox process at -1.93 V (referenced to Ag/Ag + ). Large anodic perturbations of the reduction waves were observed on addition of all the cationic guests, with Ba 2+ , which possesses the largest charge-to-radius ratio, producing the greatest effect (∆E ) 555 mV). On addition of substoichiometric equivalents of Na + cations the evolution of a new, substantially anodically shifted (∆E ) 255 mV) redox couple results. After 1 equiv of Na + has been added to the electrochemical solution, the uncomplexed original wave has disappeared (Figure 12) . Thus, this novel p-tert-butylcalix[4]diquinone-crown-5 receptor not only forms thermodynamically very stable complexes with group 1 and 2 metal and ammonium cations but can also electrochemically sense these cationic species via substantial anodic perturbation effects. , and QHk (2-k)-(n ) j + k; j ) 0, 1, 2; k ) 0, 1, 2; k and j may be different or equal) represent the neutral, radial anion, dianion, and the protonated dianion forms of the quinone moiety in the molecule; E°i (i ) 1, 2, 3) is the formal redox potential of the corresponding electron transfer reaction. -0.52 (ec, a) +NH4 + -0.85 (ec) +n-BuNH 3 + -0.94 (ec) a Supporting electrolyte 0.10 M n-Bu4NBF4. Definitions: Epc, the potential of the a reduction current peak; r, reversible; q, quasireversible; s, single reduction peak without corresponding reoxidation peak; ec, electron transfer followed by a chemical reaction; ec, a, electron transfer followed by a chemical reaction with insoluble product which adsorbs onto the electrode surface. Prewaves are given in parentheses.
Conclusions. A new series of ionophoric p-tert-butylcalix-
[4]diquinones containing ester (1), amide (2-4), crown ether (5), or a bis(veratrole) bridge (7) have been synthesized. The structures of the free ligands 1, 2, and 7 and the previously synthesized p-tert-butylcalix [4] diquinone bis(methyl ether) 8 have been elucidated by X-ray crystallography and found to adopt cone, 1,3-alternate, cone, and aryl partial cone conformations, respectively.
The coordination chemistry of these ligands has been studied with group 1 and 2 metal, ammonium, and alkylammonium cations by NMR and UV/vis spectroscopic techniques. Stability constant evaluations reveal that 1-4 generally form thermodynamically stable complexes with sodium, potassium, barium, ammonium, and n-butylammonium cations with the highest stability constant values being found with barium. The p-tertbutylcalix[4]diquinone-crown-5 ligand 5 forms much stronger complexes with these cations and in methanol solution exhibits the selectivity trend K + > Na + > NH 4 + with a log K value of >6.0 for K + .
The X-ray crystal structures of 1-Sr(ClO 4 ) 2 , 1-KClO 4 , 2-NaClO 4 , 4-n-BuNH 3 BF 4 , 5-NaCO 2 CF 3 , and 5-KPF 6 have been elucidated, and it has been found that these complexes are exclusively in the cone conformation in the solid state. Cationquinone oxygen atom coordination occurs at both the upper and lower rim of the calix[4]diquinone complexes 2-NaClO 4 and 4-n-BuNH 3 BF 4 , giving rise to one-dimensional chains of complexes and dimer formation, respectively. Intramolecular hydrogen bonding has been shown to play a role in the magnitude of the stability constants of compounds 2 and 3. By blocking the lower rim binding site with a conformationally rigid bridging group (compound 7), cation binding is suppressed.
The electrochemical properties of the lower rim acyclic ester, amide and methoxy derivatized p-tert-butylcalixdiquinones 1, 4, and 8 have been studied in various dichloromethane/ acetonitrile solvent mixtures, and it has been found that in general these species undergo three distinct electron transfer processes (two one-electron transfers and a two-electron transfer). The potentials of the reductions are significantly anodically shifted in the presence of group 1 and 2 metal, ammonium, and alkylammonium guest cations, thus enabling these species to be used as prototype cation amperometric sensing devices. To the best of our knowledge this is the first time that the n-butylammonium cation has been detected by a redox-active ionophore. The potentials of these reduction processes of compound 5 are substantially shifted anodically in the presence of guest cations (by 555 mV in the presence of Ba 2+ ) in a similar manner to that for 1, 4, and 8.
The inclusion of this type of redox-active ionophore into membranes and electrochemically conducting polymeric supports may well produce novel molecular sensory devices of the future.
